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bubblee¤ects, anda…rstorderA rrheniusreactionratemodel. Comparisonofmodelresultswithexperiment
indicatedthereactionswerelimitedbycontaminanttransporttothebubblesurfaceratherthanbyradical
generationortheintensityofbubblecollapse. O ther…ndingsarethedesirabilityofoperatingatatmospheric




U ltrasoniccavitationisknown(BrownandG oodman, 19 65) toproducesonochemicallyactivatedreactions
inwaterresultingintheformationofhighlye¤ectiveoxidizinghydroxylradicals. U suallythis is achieved
usingultrasonichornsthatsendahighintensityacousticbeam intothesolutionandexcitemicrocavities.
Such systems havebeen found topromoteawiderangeofchemicalreactions (Suslick, 19 8 8) and tobe
capableofoxidizingdiluteaqueousmixtures oforganiccompounds. H owever, suchdevices essentiallyself
limitthee¢ciencyoftheprocessbyachievingcavitationonlyinathinlayernearthesurfaceofthesoni…er
andarenotverye¢cient. W eemployamechanism forgeneratingcavitationinawidebodyoftheliquidby
anarrayofsubmergedcavitatingjets (Chahine& Kalumuck, 2001a&b;Kalumuck& Chahine, 2000). T his
processcanbemadeverye¢cientandalsobene…tsfrom therelativelyhighe¢cienciesofpumps.
W hensubjectedtocavitation, waterundergoesdissolutionaccordingtothefollowingchemicalreaction
(e.g., Suslick, 19 8 9 ;N eppiras, 19 80):
H2O ! H¢+ O H¢: (1)
T hefreehydroxylradicalO H¢isoneofthemostpowerfuloxidizingagents. O xidationoforganiccompounds
results invarious intermediateandendproducts dependingonthecompound. T heseincludewatervapor,
carbondioxide, inorganicionsandshortchaininorganicacids(e.g., seeSuslick, 19 8 8;H uaetal., 19 9 5a;Skov
etal., 19 9 7 ). Intermediateproductsusuallyundergosubsequentoxidation. M odelingofradicalproduction
duetocavitationbubblecollapsehasrecentlybeenperformedbyG ongandH art(19 9 8).
A numberofrecentstudieshaveusedultrasoundtodegradeorganiccontaminants. A partiallistincludes
H uaetal. (19 9 5a, b), Kotronarouetal. (19 9 1), Cheungetal. (19 9 1), and H uaand H o¤man (19 9 6).
Suchworkhasbeenperformedinbothbatchandcontinuous ‡owmodesusingultrasonichornsandplates.
R ecently, acommercialprocess has employedaventuri typecavitation‡owloop incombinationwithU V
irradiationandhydrogenperoxideaddition(Skovetal., 19 9 7 ).
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CavitationBubbleD ynamics
Itis generallyacceptedthatwaterdissociates underintenseinsoni…cationduetotheresultinggrowthand
collapseofmicroscopicbubbles. T hemaximum pressuremaybeas highas 1.2£10 4 atm, andthetemper-
aturecouldbeabout10,000 ±K (Young, 19 8 9 ):T hus extremelyhighvaluesoftemperatureandpressureare
generated in a smallregion ofspacewhere the bubble collapse occurs. Such conditions could explain the
enhancementbycavitationofthechemicaldissociationoftheaqueousmedium releasinghydroxylradicals.
H owever, cavitationbubbles rarelybehavespherically. Typically, due to initialorboundarycondition
asymmetries andtobubble interactions, thebubble, uponcollapse, forms ahigh speedreenteringjet. In
cavitatingjets, elongated, rotating, andringshapedbubblecavities form whichhavealsobeen foundto




cavitiesorbubbleswithinaliquidjet. M ovingawayfrom theori…ceregion, thesebubblesencounterhigher
pressuresandcollapse(ChahineandJohnson, 19 85;Chahineetal., 19 9 5).
T hedimensionless parametercharacterizingcavitation is thecavitationnumber, ¾ = Pamb¡pv¢P , where
Pamb istheambientliquidpressure, pv istheliquidvaporpressure, and ¢ P isthepressuredropacrossthe
nozzle. T hevalueatwhichcavitationis incipientisde…nedasthecavitationinceptionnumber, ¾i:If¾=¾i
< 1, cavitationwilloccur, andas ¾=¾i decreasesbelowunitytheamountofcavitationwillincrease.
Figure1: Strobephotographofplexiglasswalledswirlingcaivtatingjetnozzle.
T heswirlingcavitatingjet, D ynaSwirlR° , achievescavitationatveryhighcavitationnumbers (Figure
1). T he‡owentersaswirlchamberbymeansoftangentialinjectionslots. T heswirlproducesacentralline
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Figure2: Sketchof‡owloop
Figure2 provides asketchofthefunctionalcon…gurationofthesetestloops. U ponexitingthepump,
theliquid ‡ows intoacavitationreaction chamberintowhichvarious jetcon…gurations canbe inserted.
T heambientpressureatthejetexitismonitoredandcontrolledas is thepressureofthe‡owenteringthe
chambertoform thejet(s). Temperatureis maintainedatthedesiredvaluebyuseofacoolingloop and
tank. pH wasalsomonitoredandcontrolledbytheadditionofsmallquantitiesofphosphoricacidorsodium
hydroxide. A samplingport/valveis locatedinthelidofthereactionchamberorinthepipingexitingthe
chamber.
Inadditiontotheswirlingcavitatingjet(Figure1), amulti-ori…cemanifoldcon…gurationofStratoJet
cavitatingjetnozzleswasemployed(Kalumuck, et. al. 2000;Chahine& Johnson, 19 85). T heliquid‡ows
intoapipemanifoldintowhichalargenumberofori…ceshavebeenmachined. T henumberofori…ceswas
variedbetween 12 and 216. D i¤erentmanifoldswereutilizedfordi¤erentori…cediameters between0.040
and0.15 in. T hemanifoldwas sometimes surroundedbyacylindricalshroudontowhichthejet‡owswere
directedtoenhancecavitationbubblecollapse. T hebubblesgeneratedinthejetshearlayercollapseinthe
increasedpressureofthejetstagnationregionalongthis sleeve.
Toobserve the cavitation characteristics and dynamics, plexiglass cavitation reaction chambers were
used. T heloopswereoperatedwithpurewateratthesameconditions as theoxidationexperimentswith
contaminants. T heresultswererecordedutilizinghigh intensitystrobelightingandavideocamerawith





swirling‡ow. A s this cavityexitedwiththejet‡ow, itdevelopedarotatinghelicalpattern, brokeup, and
collapsed.
Figure3: V isualizationofcavitationgeneratedbya) swirlingjet(left) andb)multiori…cejet(center&
rightshowingringstructures)
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M easurementTechniquesandProcedures
Twocompounds: p-nitrophenol(P N P ) andM ethylO range(M O )wereselected. P N P isaphenolrelatedto
anumberofpesticidesandhasbeenstudiedbyothersusingultrasoniccavitationenablingcomparisonwith
theirresults. M O isanorganicdyethatisanitrogenbearingaromaticcompoundandcontainsasulphonate
group, whichcommonlyappears indetergents.
R eagentgradep-N itrophenolP N P (A ldrich, 9 9 % ), M O , phosphoricacid (A ldrich, 85% ), and sodium
hydroxide (V W R Scienti…c, 1.0 N ) were used. T he P N P was in crystalline form and was mixed with
distilledwater. Contaminantconcentrations weremeasuredusingaU V -V is spectrophotometerfollowing
theproceduresofKotronarouetal. (19 9 1) andH uaetal. (19 9 5b). T hespectrophotometerwascalibrated
againstknownconcentrationsofcontaminants indistilledwater. D uringtesting, 3mlsamplesweredrawn
from thetestreservoirforconcentrationmeasurements. D etailedchemicalmeasurementprocedurescanbe
foundinKalumuck, et. al. (2000).
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H ere, Co istheinitialconcentration, C(t)theconcentrationattimet, V theliquidvolume, andP thepower
expended. T hepowerusedinthise¢ciencycalculationisthatwhichis impartedtotheliquid.
Figure4 compares theconcentrationreductionhistories andoxidatione¢ciencies ofjetandultrasonic
cavitation. T his …gurepresents sampleresultsoftheoxidationofP N P (8 ppm initialconcentration)with








atatmosphericpressure- anunexpectedresultas cavitationbubbles areknowntocollapsemorestrongly
atelevatedambientpressures. A potentialexplanation is providedbythemodelinge¤ortdescribedbelow
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inwhich thetemperatures ofbubblecollapsearepredictedtobehigheratthelowerambientpressures.
Figure5 presentsresults forambientpressures between24and100 psigandan initialP N P concentration
ofapproximately 8 ppm withferricsulfateaddition. Boththeoxidationrateande¢ciencydeclinewith
increasingambientpressure. Shownarealsoresults forambientpressuresof50 and100 psigatanapprox-
imatelyconstantvalueofthecavitationnumber, sigma¼0.2. T hee¢ciencyis approximatelythreetimes
greateratthelowerambientpressure. T heseresults haveverypositivepracticalimplications. T here is no
needtooperateatelevatedpressures. T hustheequipmentcanberelativelysimplewithmodestcapitalcosts.
  
Figure 5: In‡uenceofambientpressure, Pa, andcavitationnumber, sigma, on oxidationofP N P. a)




foroxidationofP N P.Shownaretheresultsofthreedi¤erentcon…gurations: 12 ori…cesof0.15 in. diameter,
36ori…cesof0.08 7 in. diameterand216ori…cesof0.04in. diameter. A llwereoperatedatthesamepressures,
temperatureandpH . T he12 and36ori…cecases hadthesame‡owratewhilethe216ori…cecasehadan
increasein‡owrateof25% duetoacorrespondingincreaseintotalori…cecrosssectionarea. T hisdi¤erence
isaccountedfor, however, whentheresultsarenormalizedbytheexpendedpowertocalculatethee¢ciency
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asdoneinFigure6. T heresultsclearlyshowthatmoresmallerori…ces, desirable. resultinginaincreasein
thetotalsurfaceareaofthecavitiesgenerated, isdesirable.
4 M echanisticM odeling
Conceptually, contaminantremovalisamulti-stepprocessthatincludes: 1)radicalgeneration, 2)transport
ofcontaminants and radicals, and 3) reaction between contaminantand radicals. Step 1 is presumably
controlledbythebubbledynamics. Step2 iscontrolledbythe‡uiddynamicsthroughviscousandturbulent
di¤usion andmixing. Step 3 is controlled bythe chemicalkinetics. T hemodels considered are brie‡y
summarizedhere. M oredetailscanbefoundinKalumuck, et. al. 2000.
Sphericalbubblecollapsemodel
T hebubbledynamics forabubbleofradiusa is modeledusingamodi…edR ayleigh-Plessetequationthat
accountsfortheliquidpressurechange, ¢ P;inthejet‡ow(‡owingintoaliquidofambientpressurepamb)






















=pg+ pv¡pamb¡2¢ P ® 0 (1 ¡® 0 )[1 ¡(®® 0 )3]: (3)
H ere, ¾ isthesurfacetension, ¹ istheliquidviscosity, ½ theliquiddensity, pgandpv thepartialpressuresof
noncondensiblegasandvaporwithinthebubble. T hesubscript0 referstoequilibriumconditionsupstream
ofthejetori…ceataliquidpressureequaltopamb+ ¢ P:
T hemass and thermalconvection/di¤usion equations in theliquid are solved usingathin boundary
layerapproximation (P lesset& Z wick, 19 52) and H enry’s L awattheliquid/cavity interfaceforeachgas
component. Vaporization/condensationoccurs attheinterfaceandlatentheatis considered intheenergy
balance(e.g., G umerov, 2000).
T hebubbleis modeledas containingan idealgas mixtureofvaporandgases. T heradicals produced




mechanism;e.g., Perry& G reen, 19 84) andis proportionaltothegaspressure. T hereactionismodeledas












; T > Tact; · =0 ; T < Tact; (4)
where E act is theactivation energy, R is theuniversalgas constant, and º is aconstantrelated tothe
stoichiometriccoe¢cientofreaction. T hismodelincludesathresholddependencewhereTact istheactivation






¡· cjS =0 ; (5)
where½ is theliquiddensity, cis thecontaminantconcentration, andD is thecontaminantdi¤usivityin
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=nJ; m=c0 (1 ¡®)½V: (7 )
U singh::itodenotethetimeaverageofaquantityandnotingthat hJi is afunctionoftheinitialconcen-




















theliquidinthe‡owloop iscalculatedbynumericallysolvingequations(6)and(9 ) inconjunctionwiththe
bubbledynamics (Kalumuck, et. al., 2000).
R esults
A series ofruns withvaryingparameters weremadeforconditions representativeofthoseforthenozzle
con…gurationwith216ori…ces of0.04 in. diameter. T hebaselineinputdatawas: ko=1000 kg=m2;liquid
di¤usivityforP N P inwater, D = 2:4£1 0¡9 m2=s;Co=10¡5 (10 ppm);Tact=5000 ±K;º =1;meanvoid
fractioninthecavitationzone, h®i= 0.02.
Figure 7 illustrates the in‡uenceofthetypeofnoncondensiblegas withinthebubble: airandargon.
R elative toair, argon results in amodestly increased temperature, a shorterperiod, and amorerapid
concentrationdrop. A t1 hr. theaircasedrops to20% oftheinitialconcentrationwhiletheA rgoncase
dropstoabout8% . O xidationrateincreasesduetothepresenceofaninertgassuchasA rgonarerepeatedly
reportedintheliteratureforultrasonicoxidation. H owever, ourjetexperimentsshowednosigni…cante¤ects
duetotheadditionofA rgon.
Figure 8 shows the in‡uenceofambientpressureataconstantcavitationnumberof0.25. Sincethe
cavitationnumberis conserved, thejetvelocity is higherin theelevatedambientpressurecaseresulting
in less transittimebefore impingementontheplate. T helowerambientpressurecaseresults in higher
temperaturesandmorerapidoxidation. T his is alsofoundexperimentally. T hepowerrequiredtooperate
attwicethepressure(andthus40% more‡ow) is 2.8 timesaslarge. T hus, for1 hrofoperation, thelower
pressurecasee¢ciencyisgreaterbyafactorof3.4.
In…niteR eactionR ateL imitingCaseM odels
A limitingcase is whenthereactionrateis fastenoughandthereactants su¢cientlyabundantthatany
moleculeofcontaminantreachingthebubblesurfacewillinstantlydisappearthoughareaction. T hereaction
rateisthuslimitedbycontaminanttransporttothebubblesurfaceandthetotalbubblesurfacearea. T his
representsanupperlimitonhowrapidlyacontaminantcandisappear. Forspherical, toroidal, andcylindrical
bubbleshapes, solutionofeq. (9 ) forthecontaminantconcentration, C , withinitialvalueCo, exhibits an
exponentialdecreasewithtime, t;(asshownbelow):








H ere, Smax is themaximum bubblesurfacearea, V is thetotal‡owloop liquidvolume, V cz is theliquid
volumeinthecavitationzone, Q isthevolumetric‡owratethroughtheloop, andD isthedi¤usivityofthe
contaminantintheliquid. T hetimescaleTcz istheliquidmeanresidencetimeinthecavitationzone. B is
aconstantthatdependsonthespeci…cbubblegeometry.

























Figure7 : Calculatedin‡uenceoftypeofnoncondensiblegas(airandA rgon)withinbubbleonoxidationof



























N umber= 0.25, ambienttemperature= 50 ±C, initialbubblesize= 0.1 mm.
SphericalBubble




























W eevaluatedtheseexpressionsandcomparedwithexperimentaldataforP N P oxidationusingthe216
1-mm ori…cenozzle(¢ P =60 psi, Pamb= 1 atm, Q = 54 gpm, V = 7 .9 liters, rv = 0.0003, D = 2:4£1 0¡9
m2=s;Tloop= 2.3s). T hevalueofthedecayconstantwasfoundtobe: 0.09 ·¸ ·0.024min¡1 : T hiswas
calculatedfrom themeasuredconcentrations overthetimeperiodneededforafactoroftenreduction in
concentration(whichvariedbetween25 and9 5 min.) W esetn=21 6n¤;wheren¤istheaveragenumberof
bubbles, ofmaximum radius amax, simultaneouslypresentforeachofthe216nozzles. U singthesevalues
inexpressions (10) and(13), thecalculatedvalues of arefoundtobewithinthis experimentalrangefor
n¤= 2, 3, and4whenamax= 0.5 mm (theori…ceradius) andforn¤= 1 and2 whenamax= 1 mm (twicethe
ori…ceradius).
ToroidalBubble






and B remains the sameas in (13). From observation, D ring is oftheorderof1 to2 times theori…ce
diameter, andthus 0.1 to0.2 cm forthecases considered. R esults ofevaluationofrelation(10) thatyield
predictedvalues of¸ withinthemeasuredrangeforvalues ofn¤of3orless (consistentwithobservations)
showthattheratiodring=Dring shouldbeintherange0.2 - 0.3. T hepresenceof1 to3rings is typicalin
theexperimentsasarethesevaluesofDring;anddring=Dring:
T heaboveanalysisandevaluations suggestthat, atleastwithintheparameterrangeofthelistedexper-
iments, the jetoxidation process maybecontrolledbytransportofcontaminants tocavitysurfaces andbe
relativelyinsensitivetoradicalgenerationrateandtherateofthekineticsoftheoxidationreaction.
O xidationinaSwirlFlowwithaG aseousCore
W ederivedalimitingcaseexpression fordi¤usion toacentrallinevortexcavity tomodelcontaminant
transporttothecavityintheswirlchamberoftheswirlingcavitatingjet. T hereactionisconsideredtotake
placeimmediatelyasthecontaminantreachesthecavitysurface. W emodeltheswirlingjet‡owas steady
andaxisymmetricaboutacentralgaseousmodeledasanin…nitecylinderofconstantradiusa:W econsider
auniform angular(tangential) ‡owvelocitynearthecylinderandanaxial‡owparalleltothecylinderand











; J=¡2¼c1 ½aplDU ; (15)
where R is theradius oftheboundaryoftheswirlchamber, lis thecavitylength, U theaverageaxial
velocitycomputedfrom the‡owrateandthecross sectionalareaoftheswirlchamber, andz is theaxial
distancefrom theupstream endofthecavity. W e…ndthat(10) againapplieswith:
Smax=2¼aL sc; B =1; Vcz=Vsc; (16)
whereVsc is theswirlchambervolume, and L sc is theswirlchamberlength- ortotalcavitylengthwithin
thechamber.
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T hevaluesof¸ wereevaluatedforvariousswirlingjetcasesfor1 hourofoperation(D =2:4£1 0¡5cm2=s,
V = 8 liters, a¼ 0 :25 cm) andareplottedversus the‡owrateinFigure9 . T hedatahavebeen…twith
apowerrelationthatprovides abest-…tvalueof0.5 forthepowerofQ . T hepredictedvalues arelowby
afactorof5 to10 relativetothedata. T his maybeduetocontaminanttransportmechanisms, suchas
bulktransportduetorecirculationandturbulenttransport, notconsidered inthemodel. T hevalueofD
usedinevaluatingexpression(10)wasthelaminar‡owmoleculardi¤usivityequalto2.4£10¡5 cm2/swhich
wede…neas D o. IfD is replacedwithaturbulentdi¤usivity33timesthemolecularvalue, thepredictions
matchthe“best…t” powerrelationofthedata. This isnotanunreasonablevalueforturbulentdi¤usivity.
Figure9 : Comparisonofmeasuredandcomputedconcentrationdecayconstants, lambda, forswirling




compoundswereperformed Experimentswithp-N itrophenolandM ethylO rangedemonstratedtheability








²O perationatelevatedambientpressureswasnotfoundtoresultinmorerapidoxidation. T husfroman
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